Abstract The fatigue strength of rectangular mortise and tenon rubberwood furniture joints made from polyvinylacetate (PVAc) and urea-formaldehyde (UF) adhesives were compared. The results showed that the allowable design stress for PVAc adhesive joints could be set at 30 % of its ultimate bending moment as compared to 25 % for the UF adhesive joint. Further, PVAc adhesive joints have large working tolerances for glue-line thicknesses which make it suitable for mass production furniture manufacturing.
Introduction
Adhesive joints are an integral part of furniture construction, yet it is often the weakest link in furniture (Ratnasingam et al. 1997) . As fatigue failure is the most common mode of failure in furniture, the allowable design stress for adhesive joints are important criteria in furniture design. Although reports on the design stresses for furniture components and joints are available (Ratnasingam and Ioras 2013) , information on the effect of adhesive type and glue-line thickness on the fatigue strength of furniture joints is sparse. Therefore, a study was conducted to establish the optimal adhesive joint configuration to comply with the minimum fatigue strength requirement of furniture joints.
Material and Method
T-type rectangular mortise and tenon joints ( Fig. 1) were machined from kiln-dried rubberwood (Hevea brasiliensis) and assembled using polyvinyl-acetate (PVAc or plastic glue Ò ) and urea-formaldehyde (UF or kaurit Ò ) adhesives with a 40 % solid content, as reported in Ratnasingam and Ioras (2011) . Three different glue line thicknesses of 0.1, 0.05 and 0.01 mm were used in this study. The joint components consisted of a 450 mm 9 30 mm 9 25 mm leg member and a 350 mm 9 55 mm 9 25 mm rail member. The average dimensions of the mortise and tenon joint were 40 mm in length, 20 mm in width and 12 mm in thickness. To achieve the three levels of joint fit, the Tenons were cut 0-0.015 mm (tight fit), 0.041-0.075 mm (sliding fit) and 0.08-0.13 mm (loose fit) under sized, on its clearance face, respectively. The dry fit of each joint was measured before assembly and found to correspond to the desired joint fit. All joint test samples were conditioned to an average moisture content of 12 ± 2 % prior to testing, and a total of 30 replicates were used for each test. The range of variables used in this study reflected the current industrial practices in the rubberwood furniture industry in the South East Asian region. The tests were conducted using an INSTRON universal testing machine fitted with an aluminum alloy angle plate which held the leg section, while the rail section was loaded by means of a stirrup attached to the machine cross head which moved at 12 mm/min during the test. The load which produced a sudden discontinuity in the load/deflection curve corresponding to the joint failure was noted and used to determine the bending moment in Nm, as described in Ratnasingam and Ioras (2011) . The fatigue loads applied were 10, 15, 20, 25 and 30 % of the ultimate bending moments determined previously. Air regulators were used to adjust the applied load, while mechanical counters kept track of the number of cycles the specimens survived during the test. A limit switch was attached to turn off the test when the dial gauge attached to the specimen recorded a deflection exceeding 5 mm at the joint. The results from the PVAc and UF adhesive joint samples were compared against each other to establish the optimal adhesive design configuration.
Results
The average ultimate bending moment of the joints assembled from the two different adhesives used in this study did not differ significantly (Table 1) , although the UF adhesive joints showed abrupt failure mode when the load applied exceeded its bearing capacity. This was most likely due to the fact that the less flexible UF adhesive, a characteristic of thermosetting adhesives, is likely to suffer from uneven distribution of the internal stresses when a load is applied, leading to an abrupt failure (Bandel 1995) . Analysis of variance (ANOVA) of data from the study revealed that only the adhesive/glue-line thickness interaction was significant, which is parallel to the findings of Tankut (2007) . Inevitably, joint strength is simply a function of the type of adhesive and the glue-line thickness used. The results of the study show that the use of UF adhesive for furniture joints is more appropriate when tight fit joint assemblies are used, as shear failure within the glue bond may occur earlier before the compression strength of the wood becomes effective in such joint configurations (Bandel 1995) .
On the other hand, the fatigue strength of the PVAc adhesive joints was much higher than the UF adhesive joints at the different glue-line thicknesses ( Table 2 ). The relative flexibility of the PVAc adhesives, which is typical for thermoplastic adhesives, allows some relative movement of the parts of the joint so that internal stresses can be evenly distributed across the joint upon loading. The mechanical interlocking between the mortise and tenon also contributes more to the strength of joints assembled with the PVAc adhesive than it does in joints assembled with the less flexible UF adhesive (Eckelman 2003) . Therefore, the results of this study reveal that the allowable design stresses for PVAc adhesive joints could be set at 30 % of its ultimate bending moment, while the UF adhesive joints could be safely used to withstand repeated loadings at 25 % of its ultimate bending moment. At these (14) 282 (13) 274 (14) 243 (11) 251 (11) 269 (10) Figures in parentheses represent standard deviation
The average density of the rubberwood used was 640 kg/m 3 , while the modulus of elasticity (MOE) was 9,415 N/mm 2 and modulus of rupture was 59 N/mm 2 (tests according to ASTM D143-09) load levels, the specimens would surpass the minimum furniture performance standard of 200,000 cycles of load application (Eckelman 1999; Eckelman et al. 2001 ).
Industrial implications
The results of this study explain the inherent advantages of the PVAc adhesive for the furniture manufacturing industry. The recommended allowable design stress for PVAc and UF adhesives mortise and tenon furniture joints could be set at 30 and 25 %, respectively of its ultimate bending moment. Further, the added flexibility of the PVAc adhesives would allow for larger working tolerances for glueline thickness, which in turn encourages wider application in mass production furniture manufacturing environments. 
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